Abstract-The effects of ionizing radiation and displacement damage on TaO, memristors are evaluated. Devices show little response to 10 keV x-rays up to 10 Mrad(Si). C060 gamma rays and 4.5 MeV protons did not change the resistances significantly at levels up to 2.5 Mrad(Si) and 5 Mrad (Si) respectively. 105 MeV and 480 MeV protons cause switching of the memristors from high to low resistance states in some cases, but do not exhibit a consistent degradation. 800 keV silicon ions are observed to cause resistance degradation, with an inverse dependence of resistance on oxygen vacancy density.
INTRODUCTION
Typical pre-irradiation I-V hysteresis curves of a TaO, memristor [8] .
power consumption [1] [2] [3] . This paper focuses on a material stack conslstmg of Ta and TaOx between platinum electrodes. There are a variety of physical mechanisms that are believed to be responsible for resistive switching. The
TaOx memristors in this paper operate due to the valence change mechanism. The exact nature of this mechanism is not fully understood but it is believed that 0-2 anions transport under the influence of electric and thermal fields in a narrow region of the TaOx layer and this change in oxygen concentration modulates the conductivity of the oxide by increasing or decreasing the concentration of oxygen vacancies [4] - [7] . A simplified cross section of the device and the 0-2 anions moving in response to a positive voltage is shown in Fig. lea ). An example of the resulting I-V characteristics is shown in Fig. l Ti02 memristors also operate based on a valence change mechanism and have a similar, but not identical, switching mechanism to TaOx memristors [9] . Recent experiments on Ti02 memristors reported that C0 60 gamma rays and 941
MeV bismuth ions had only minor effects on resistance values [10] . Memristor performance was also relatively unaffected by alpha particle irradiation up to a fluence of 10 14 cm-2 [11]. These results suggest that memristive memories may be suitable components for radiation-hard electronics.
In this paper we present data on the radiation response of TaOx memristors. Parts are exposed to 10 keV x-rays, C0 60 gamma rays, 800 ke V silicon ions, and protons ranging in energy from 4.5 to 480 MeV.
EXPERIMENTAL DETAILS
The TaOx memristors for these experiments were fabricated using a "random shadow mask" technique that does not require any alignment, and results in about 30% crossing functional memristors. A functional memristor is formed when a vertical and horizontal "dogbone" electrode cross, serving as the top and bottom electrodes, as shown in Fig.   2 (a). The nominal device dimensions were 10 x 10 11m. The approximate layer thicknesses are given schematically in [8] .
Pt, bonding is difficult and does not have a high yield. As a result, caution must be exercised to separate true memristor behavior from electrical characteristics related to contact problems. Some memristors can wearout over time, where off resistance changes over time until it is similar to the on resistance [12] . In order to make sure failures were due to irradiation, devices were switched numerous times prior to experiments, and only devices without significant degradation of the off resistance were chosen for use in radiation experiments.
Initial electrical measurements were made using an Agilent 4156C or Bl500 Semiconductor Device Analyzer.
Measurements immediately preceding or following irradiation were made using an Agilent 4145B for the x-ray Typically, a read measurement was made after each shot, whereas a full set/reset characterization was performed following a series of irradiations.
A four point measurement setup was used due to the high series resistance of the contacts in Fig. 2(a) . The resistance introduced by the contacts was often several kn. One set of contacts supplied the current through the device and the other set measured the voltage drop across the device, as illustrated schematically in Fig. 2(b) . This is necessary because the voltage applied across the current sourcing contacts is higher than the voltage across the device due to the added contact resistance.
Initially, the memristors are in an insulating state, and they Typically, when using the 4145B, the read range was from -200 mV to +200 mY; with the 4156C and B1500 a range of o to 100 mV was sufficient.
As is often the case with novel technologies, the devices used in this study were fabricated in a research lab and exhibited significant variation in electrical characteristics between different devices and moderate variation between read/write curves of a single device. Prior to irradiation the parts were cycled repeatedly to characterize the variability of a given device in order to separate the inherent device variability from degradation due to radiation. Fig. 3 provides a reference data set for typical inter and intra device electrical variation. 
RESULTS

X-Ray Irradiation
Two packages containing six memristors are exposed to 10 keY x-rays using an Aracor 4100. Previous radiation data showed memristors often switching from the off state to the on state after as exposure to as little as 10 krad(Si) [8] .
Subsequently, we discovered that switching cables on the test setup could cause parts to enter a low resistance state, appearing as though the part had switched to the on state due to radiation exposure. For these packages, a single memristor is selected and measured during irradiation in order to avoid potential switching not caused by irradiation.
The part is cycled in the x-ray test fixture and reset to the off state prior to irradiation. At certain increments, a read sweep is used to determine the resistance of the device without changing it. The range of the sweep is 100 mV to -100 mY.
The parts are irradiated to a total dose of 10 Mrad(Si). One part is irradiated at a dose rate of 1667 rad(Si)/s. I-V curves At 5 Mrad(Si) the resistance is 500 n. After cycling, the device changed from 500 n to 13 00 n. After another 5
Mrad(Si) the final resistance was 13 70 n, the same as the initial resistance. The sudden drop that occurred at 5
Mrad(Si) may be due to a bumped cable as these devices have proven to be very sensitive. No lasting damage is observed after a device reset and no overall degradation in resistance is observed. Voltage (V) Fig. 6 . Example I-V read curves of a TaO, memristor in response to Co-60 gamma rays at levels indicated in the legend. The minor difference in resistance between the initial and 1 krad(Si) read is within the expected error margin, and is likely due to minor changes in contact resistance of the bond pad [8] .
Co 60 Irradiation
Two packages containing a total of 8 functioning memristors were irradiated with gamma rays using a Gammacell 220 C0 60 source. Four devices were irradiated at a dose rate of 53 rad(Si)/s to a total dose of 500 krad(Si) and the other four were irradiated to a total dose of 2.9 Mrad(Si).
Prior to irradiation each memristor was cycled a minimum of ten times and cycled again after being secured in the Gammacell to screen out parts with poor performance. The memristors were exposed to incremental doses of radiation and measurements were made in situ before and after each irradiation. The parts were irradiated in the off state because the x-ray data indicated that devices in the off state were the most susceptible to radiation.
During the irradiation there was little change in the resistance of the devices. Example I-V curves are graphed in Fig. 6 . There is a minor variation between the pre-rad curve and the other curves, but it is within expected variability and may be due to a small change in the bond pad' s contact with the device. The devices did not switch to the on state during irradiation. After the irradiation was complete, the devices were cycled and Fig. 7 plots a hysteresis loop before and after irradiation. There is a difference in the on state resistance, but the change is minor and is within expected variability, as can be seen in Fig. 3(a) . Note that there is higher variability when cycling a device between the on and off states than when reading a device without switching the state.
Voltage (V) Fig. 7 . Example I-V set/reset curves of a TaO, memristor before and after 500 krad(Si) of Co-60 gamma ray irradiation. There a clear variation in the switching behavior, but it is within the variation expected for these devices, and hence is not likely to be attributed to the irradiation [8] . However, other devices subsequently failed in vacuum, though it is unclear whether those were of poor quality initially or the vacuum was having an effect. The effects of vacuum on unpassivated devices are not clear at this time.
Me V Proton Irradiation
The device was irradiated in the off state and read measurements were made incrementally in situ without disturbing the vacuum chamber up to a dose of 5 Mrad(Si).
The read measurements from the experiment are plotted in Fig. 8(a) . There was virtually no change in the resistance value during the experiment. The initial and post-rad resistance loops are plotted in Fig. 8(b) . There is no significant change in the resistance values or functionality of the device.
Me V and 480 Me V Proton Irradiation
TaOx memristors were also irradiated using 105 and 480
MeV protons at the TRIUMF facility. Five functional devices in one package were measured (from the same wafer as the x-ray experiments described above). In this high energy proton experiment, devices were not measured in situ but rather were removed to make electrical measurements between irradiation sessions. Three of the devices were initially in the "off' state and two of the devices in the "on" state. . Example read I-V curves of a TaO, memristor before and after 105 Me V proton irradiation. It should be noted that results from this experiment varied, and devices only switch from the "off' to "on" state in some cases [8] . concentration is plotted in Fig. II(a) . This decrease in resistance is inversely proportional to the oxygen vacancy concentration. '"1 0.016 0::
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DISCUSSION
The memristors in this study were subject to the effects of ionizing radiation and displacement damage. Ionizing radiation causes degradation by breaking atomic bonds and 7 generating electron/hole pairs in device materials. This damage mechanism is referred to as total ionizing dose (TID). Devices can also suffer displacement damage, where atoms are displaced from their original position in the lattice, creating new defects.
Total Ionizing Dose Effects
TaOx memristors exposed to 10 keY x-rays and C0 60 gamma rays showed no resistance degradation during irradiation, except for one measurement during x-ray irradiation at a total dose of S Mrad(Si). The device was easily reset and no further changes were observed after another S Mrad(Si) of exposure. This is likely due to an outside influence, such as a cable being bumped or cable connections being touched without proper ESD protection. However, another TaOx based memristor design saw large changes in resistance in some devices after C0 60 irradiation [14] . Devices with thicker oxides and larger device areas were more susceptible to TID effects [14] . This makes sense as there is a larger insulating volume to accumulate trapped charge. All values of oxide thickness and two of the three areas used were larger than the ones used in this study. The creation of additional oxygen vacancies and the formation of a conduction path from trapped holes in the oxide were suggested as possible mechanisms [14] .
A positive charge buildup has been shown to occur in Ta20s-Si metal oxide semiconductor (MOS) capacitors in response to large doses (�1 0 Mrad) of gamma radiation
[IS]. This behavior is analogous to Si/Si02 MOS capacitors, and it has been suggested that holes generated by ionizing radiation will be trapped on 0. 2 anions and remain trapped for long enough to interfere with the reaction that occurs when 0. 2 anions return and re-oxidize the tantalum rich TaOx layer [8] . This prevents the material in the channel from returning to an insulating state and could result in devices being stuck in the on state.
High temperature annealing may release trapped holes, mitigating the degradation if holes are creating a conducting path for electrons or interfering with the oxidation reaction.
When defect ESR signatures are generated by gamma radiation in Hf02, another transition metal oxide, annealing at lOO°C and IS0°C reduces those signatures considerably [16] . So, if defect creation contributes to the resistance change, annealing may reverse the effects in that case as well.
It has also been suggested that the generated electrons and holes may result in a current flow in a space charge region that heats the oxide and creates additional oxygen vacancies [8] . 
Displacement Damage Effects
The resistance degradation seen for TaOx mernristors when exposed to silicon ion irradiation is indicative of displacement damage effects, predicted based off the theory of device operation and previous work on Ti02 memristors The results presented in this paper suggest that TaOx memistors can be resistant to total ionizing dose effects.
SUMMARY AND CONCLUSIONS
Further testing is needed before any conclusions are drawn.
Parameters like oxide thickness may also affect this result and should be investigated as well. 
